The sorption of Mg 2+ and Ca 2+ ions by the H-form of the acrylic carboxylic cationite Lewatit CNP 80 as the magnesium sulphate or calcium chloride concentration in the external solution was varied by two orders of magnitude has been considered from the viewpoint of the ion-exchange equilibrium theory. The experimental data were obtained using a method which provided high precision measurements of the potentiometric titration curve over a wide range of resinate compositions for the ionite gel phase. The strong dependence of the effective equilibrium constant on the resinate solution composition was described satisfactorily by the exchange equilibrium theory. The selectivities towards Ca 2+ and Mg 2+ ion sorption by the H-type of carboxylic cationite studied were close. An explanation for this phenomenon was proposed.
INTRODUCTION
Carboxylic cation-exchangers synthesized on the basis of polyacrylic acid have been traditionally used for the partial softening of water linked with a simultaneous decrease in its alkalinity (Lifshitz 1976; Lapotishkina and Sazonov 1982) . The high working capacity of this type of ionite combined with stoichiometric charges of the reagents has allowed the combined production of desalinated and highly softened water (Mamchenko et al. 1998) .
However, practically no information exists in the literature concerning the equilibrium sorption of divalent cations from aqueous solution by H-forms of ionites of this type. Such information is necessary for the a priori calculation of various technological parameters. This deficiency is apparently due to experimental difficulties associated with equilibrium studies over a wide range of resinate compositions brought about by the low solubility of calcium and magnesium carbonates and hydroxides. The standard method for obtaining potentiometric titration curves (Katchalsky and Spitnik 1947; Gregor and Bregman 1948) is based on measurements of the differences between the concentrations of exchanging ions in an external solution and does not enable reliable information to be obtained from equilibrium solutions with high pH values.
The present study was based on the addition of precisely measured weights of a slightly soluble magnesium salt (basic carbonate) or calcium salt (carbonate) of known cation content to a solution of readily soluble magnesium sulphate or calcium chloride in contact with the H-form of † First presented at the 5th Ukrainian-Polish Symposium on Theoretical and Experimental Studies of Interfacial Phenomena and their Technological Application, Odessa, Ukraine, 4-9 September, 2000. *Author to whom all correspondence should be addressed. E-mail: irena@usch.kiev.ua. an acrylic cationite. The technique allowed the magnitude of the specific sorption of the ions to be obtained with relative errors of 2-2.5% as a result of the rather large difference between the quantity of sorbed ions in the initial and equilibrium solutions (Mamchenko and Valuiskaya 1999b; Mamchenko and Klimova 2000) .
EXPERIMENTAL
Known amounts of the H-form of the air-dried ionite Lewatit CNP 80 and magnesium (calcium) basic carbonate (carbonate) were weighed into a flask with a ground-in stopper and 0.1 dm 3 of 0.01 or 1.0 mol/dm 3 solutions of magnesium (calcium) sulphate (chloride) added to the same. The resulting solution was equilibrated by shaking for up to 10 d until the slightly soluble salt of the alkaline earth metal suspension had dissolved. The acid or alkali concentrations in the resulting external equilibrium solution were determined by titration methods employing Methyl Red as an indicator. Standard methods were also employed to determine the pH value and the hardness of the solution. The indicator interval for the pH transition at the end point was 4.2-6.2 and the errors associated with the determination of the alkali or acid concentrations were no greater than 0.01 mol/dm 3 at the pH transition of 4.3 when neither bicarbonate ions nor strong acids were present and only soluble carbonic acid existed in the solution (Lifshitz 1976) . As shown by estimations of the measurement errors, such titration errors resulted in a relative error in the determination of the specific sorption of magnesium (calcium) ions of not greater than 0.2% under the experimental conditions employed.
The solubilities of magnesium or calcium carbonates are lower in the presence of a soluble alkaline earth metal cation and the anion of the salt of a strong acid. However, in accordance with the equations: 4(-COOH) + Mg 2 (OH) 2 CO 3 ® 2(-COO) 2 Mg + CO 2 + 3H 2 O (1) or 2(-COOH) + CaCO 3 ® (-COO) 2 Ca + CO 2 + H 2 O
where (-COO -) is the fixed cation-exchanger ion, carbonic acid appears in the solution and the more soluble magnesium (calcium) bicarbonate is formed:
or
The interaction of bicarbonates with the cationite according to equations (1) and (2) results in dissolution of the precipitate of the slightly soluble compound. On complete dissolution of the carbonate precipitate, the value of the specific sorption of magnesium (calcium) ions by the cationite may be determined in two ways. The first involves the equation:
where e is the specific sorption of the magnesium (calcium) ions by the cationite expressed as mol equiv/kg ionite (mol/kg); g is the weight of slightly soluble magnesium (calcium) compound introduced into the system (kg); t is the quantity of metal ion associated with the slightly soluble compound expressed as mol equiv per unit mass (mol/kg); C 0 and C eq are the concentrations of equivalent fractions of the divalent ions in the initial and equilibrium sulphate (chloride) solutions, respectively (mol/dm 3 ); V is the volume of the divalent metal salt solution added to the system (dm 3 ); and m is the weight of ionite employed (kg). However, equation (5) has only a limited field of application, since at high contents of magnesium sulphate or calcium chloride in the equilibrium solution the difference (gt + C 0 /V) -C eq V may be very small and the corresponding accuracy of the determination of the specific sorption via this equation will be low.
A second method of calculating the specific sorption from the primary experimental data is based on taking not only the balance of hydroxide, carbonate and bicarbonate ions in the solution into account but also the formation of a strong acid according to the reactions:
or 2(-COOH) + CaCl 2 ® (-COO) 2 Ca + 2HCl (7) The corresponding equation for evaluating the specific sorption follows from equations (1)-(4), (6) and (7) and electrical neutrality requirements (the cation content of the precipitate can be equated directly to the anion content) as: e = (gt -C eq alk V)/m
where C eq alk is equal to the molar equivalent concentrations of the carbonic acid anions (bicarbonate or carbonate ions) or of strong acids (with a negative sign) in the equilibrium solution (mol/ dm 3 ). It should be noted that hydroxide ions were absent in the pH range investigated in the present study. Determination of the specific sorption of magnesium or calcium ions according to equation (8) provided a measure of the goodness-of-fit for any concentration of background electrolyte in the external solution.
The authenticity of the specific sorption values determined by the methods described or by standard methods (Katchalsky and Spitnik 1947 ) may be confirmed from the magnitudes of the total ion-exchanger capacities, E, obtained from the experimental potentiometric titration curves for the H-form of the cationite in the presence of precipitates of magnesium basic carbonate or calcium carbonate in an NaOH solution. As follows from statistical analysis of the experimental data (see Table 1 ), the magnitudes of E as determined via the two methods described above were identical at the levels of confidence stated.
However, in the case of calcium carbonate, the section of the potentiometric curve corresponding to saturation could not be measured because of the very low solubility of the salt in the alkaline pH region. Thus, for the H + -Ca 2+ exchange studies, the total ion-exchanger capacity was taken as unity under equilibrium conditions as obtained for the H + -Na + exchange equilibrium.
In order to determine the total exchange capacity for unit mass of the anhydrous sample (Table 1) , a known weight of cationite in the H-form was dried to constant weight at 120ºC, this being the maximum permissible working temperature for carboxylic polyacrylic cation-exchangers according to the technical specifications of the manufacturer.
RESULTS AND DISCUSSION
The dependence of the exchange of the univalent hydroxonium ion by a divalent cation on the geometry of the fixed exchange centres in the polymeric matrix of a carboxylic ionite may be considered in terms of two arrangements. The geometry for the first model corresponds to the polymerization of the acrylic monomer in a 'head-to-tail' arrangement:
while for the second model a 'head-to-head' arrangement or a 'tail-to-tail' arrangement would apply:
According to the first model, all fixed ionogenic cationite groups [-CH(COOH)-] are identical (being separated by one -CH 2 -group) and the magnesium (or calcium) ion can be sorbed on any two neighbouring exchange centres. In this case, the exchange reaction should be written as:
The expression for the effective equilibrium constant, K 1 , may then be written as:
where C (-COO) 2 Me and X -COOH are the molar contents of metal and hydroxonium ions in the sorption solution in the gel phase of the ionite, i.e. a Me and a H . If account is taken of the fact that the molar contents of the resinate as defined by equation (9) may be connected with the equivalent fraction of fixed exchange ions in a salt form, a, via the following ratios:
and
where a = e/E with e being the specific exchange capacity and E the total exchange capacity, then after substitution of equations (11) and (12) into equation (10) and taking logarithms, we obtain:
where pH, pMe and pK are the negative logarithms of the activities of the hydroxonium ion, the metal ion in the equilibrium solution and the effective equilibrium constant, K 1 , respectively. In the second approach towards the exchange of univalent and divalent cations on to carboxylic cationites, it is assumed (Mamchenko and Valuiskaya 1999b ) that the fixed exchange centres are located in pairs with adjacent pairs of fixed ion-exchange groups being separated by two -CH 2groups. In this case, two exchange centres enter as a whole into any exchange reaction involving a metal ion. This behaviour may be expressed by the equation:
The effective equilibrium constant, K 2 , corresponding to reaction (14) may be written as:
where X (-COOH) 2 is equal to the molar content of paired exchange centres in the H-form of the cationite.
In the second sorption mechanism, the following equalities are assumed:
This allows equation (15) to be expressed in the form:
The experimental data for the exchange equilibrium H + -Me 2+ on the carboxylic acrylic cationite Lewatit CNP 80 are presented in Figure 1 in the coordinates of the linear forms of equations (13) and (18), respectively, i.e. pMg = -log{g Mg (C 0 + C eq alk )/2} (19) and pCa = -log{g Ca (C 0 + C eq alk )/2} (20) where g Mg and g Ca are the activity coefficients of the Mg 2+ and Ca 2+ ions, respectively, and are expressed on the molality scale. The value of the activity coefficient g Me for the equilibrium solution of calcium chloride (g Ca ) or magnesium sulphate (g Mg ) of molar concentration 1.0 mol/dm 3 was found from the interpolation of tabulated data (Voznesenskaya 1968). For a solution with a molar concentration of 0.01 mol/dm 3 , the magnitudes of the average ionic activity coefficients were calculated according to the equations (Skorcheletti 1963) :
where m is the ionic strength of the solution. As shown in Figure 1 , plots of the data in the coordinates of equations (13) and (18) exhibit satisfactory linear relationships. However, the slopes of the corresponding straight lines do not correspond to those predicted theoretically and relationships such as the generalized Henderson-Hasselbalch equation must be corrected to account for such discrepancies (Katchalsky and Spitnik 1947) :
and 2pH -pMe = pK + n log{a/(1 -a)}
where n is an empirical constant. The discrepancy between the parameter n and its theoretical value of unity is essentially a measure of the deviation of the sorption phase properties from ideal behaviour. The effective equilibrium constants calculated via equations (13) and (18) (9) and (13) and (14) and (18) Parameter Equations (9) and (13) Equations (14) and (18) C 0 = 0.01 mol/dm 3 C 0 = 1.0 mol/dm 3 C 0 = 0.01 mol/dm 3 C 0 = 1.0 mol/dm 3 as is confirmed by statistical analyses of the approximation of the experimental data to the predictions of equations (23) and (24) ( Table 2 ). The high values of the correlation factor (r 2 ) demonstrate that the relationships (23) and (24) provide satisfactory descriptions of the experimental data. The empirical factors (n) for 0.01 M magnesium sulphate and calcium chloride solutions are virtually identical within the limits of confidence intervals for the determination. The pK values derived from both model (23) and (24) indicate virtually identical sorption selectivities for calcium and magnesium ions on the acrylic carboxylic cationite. The same relationship between the pK values is also observed for magnesium and calcium ion sorption from concentrated electrolyte solutions, although divergencies between the parameters n for equations (23) and (24) are significant statistically in this case. The data obtained suggest a qualitative difference between the exchange equilibrium for hydroxonium ions and divalent cations on polyacrylic carboxylic cationites and sulphocationites, since a considerably larger sorption selectivity for calcium ions relative to magnesium ions is characteristic for sulphocationites (Helferich 1962; Kokotov and Pasechnik 1970) .
Further analysis of the experimental data has been effected on the basis of the exchange equilibrium theory (Mamchenko and Valuiskaya 1998, 1999a) . This theory enables a quantitative estimation to be made of the influence of the local environment of the fixed exchange ions on the value of the equilibrium constant. According to this theory, deviations of the properties of resinate solutions from ideal behaviour may be connected with the influence on each fixed exchange group of the next nearest centres and, in the more general case, that of the distant environment as well. The local equilibrium constant changes in step with the change in the resinate composition in the near surroundings of a given fixed exchange group.
The general equation for the exchange equilibrium isotherm for univalent and divalent ions may be written as (Mamchenko and Valuiskaya 1999a) : j=0 where a = average degree of filling of the sorbent by the second compound; i = number of nearest fixed exchange ions influencing the exchange centre under consideration; j = number of nearest fixed exchange ions connected with the sorbed counterion; i -j = number of nearest fixed exchange ions connected with the desorbed counterion; K(j) = local thermodynamic equilibrium constant which is independent of a; and C = activity ratio of the desorbed and sorbed counterions in the external equilibrium solution.
Equation (25) is applicable to the modelling of H + -Me 2+ exchange if one considers the exchange centres as the coupled carboxylic groups in the matrix [equations (13) and (18)]. In this case, the parameter i is equal to the number of next nearest neighbour-coupled carboxylic groups of the cationite and j is equal to the number of such pairs of groups in the salt form; C = 10 2pH -pMe ; and pMe = pMg or pCa depending on the exchanging cation. Three individual correlations allowing a definition of the number of fixed exchange ions in the next nearest surroundings of each exchange ionite centre can then be obtained from equation (25).
Using the simplification K(j > 0) = K 2 , equation (25) then corresponds to:
In the physical sense, the simplification K(j > 0) = K 2 assumes that a substantial change occurs in the value of the equilibrium constant when one of the next nearest fixed ion pairs is transformed from the H-form to the salt form. A further increase in the proportion of the salt form in the vicinity of the next nearest fixed ion has no influence on the value of K(j).
If one assumes that K(j > 1) = K 2 and K(0 < j < i) = K 1 , then equation (25) becomes:
where P(0) is the probability of finding all the next nearest exchange centres in the H-form and P 1 is the probability of one of the next nearest exchange centres undergoing a transition into the salt form. When K(j > 1) = K 2 , it is assumed that a change occurs in the exchange constant by transition of one pair of exchange centres into the salt form and then two pairs of the next nearest neighbouring fixed ions. Further accumulation of the salt form does not influence the properties of the central pair of fixed ions. In this model, P(0) = (1 -a) i and P 1 = 1 -a i -(1 -a) i .
The approximation K(0 < j < i) = K 1 presupposes that the magnitude of K(0 < j < i) is constant and that any change in the value of K(j) relates to the transition of only one and all next nearest neighbouring pairs of fixed exchange ions to the salt form.
The discriminant of equation (27) is negative. Its solution leads to three real roots, one of which is positive and corresponds to the physical meaning of the variable C. For processing the experimental data in the present study, use was made of the trigonometrical approach to cubic equations.
The least-squares method was employed to obtain the fitting factors K(j) and i of equations (26) and (27). Relative approximation errors, Z, of the dependencies 2pH -pMe on a were calculated for every model using the formula:
where (2pH -pMe) calc is equal to the calculated value obtained via the approximating equation and (2pH -pMe) exp is equal to the experimentally determined data, with f being the number of degrees of freedom. The maximum accuracy of the approximation to the experimental data is provided by K(0 < j < i) = K 1 (Table 3 , data shown in bold type). In this case, the least relative average errors in the determination of the fitting factors could also be obtained:
where q is the number of fitting factors K(j) in the model equation; S(K(j)) is the standard deviation; and D(K(j)) is the confidence interval of the value of the fitting factor.
As follows from the data listed in Table 3 , the most probable values for the parameters in the model K(0 < j < i) = K 1 are i = 3-4.
Since, according to definition, the parameter i must be a whole number, further analysis of the experimental data was carried out using whole number values (Table 4 ). Taking into account that the value i = 9.5 obtained using the assumption K(j > 0) = K 2 for a 1.0 M solution of MgSO 4 is impracticable (Table 3) , further calculation using whole numbers i for the parameters K(j) was not undertaken (Table 4) . As in the case where i is a variable value, the best approximation of the experimental data was achieved using the model K(0 < j < i) = K 1 . The most probable number of next nearest pairs of carboxylic groups influencing the properties of a central pair of fixed exchange ions was equal to three or four which corresponded to the least values of Z, Q(S) and Q(D) ( Table 4 , data indicated in bold type).
Values of the constants K 0 for the model K(0 < j < i) = K 1 were almost identical for the sorption of calcium and magnesium ions. Consequently, in the absence of a strongly dissociated salt form in the next nearest surroundings of the exchange centres, the selectivity of the polyacrylic carboxylic ion-exchanger did not depend on the chemical nature of the divalent cation. Apparently this is a fair conclusion for the constant K 1 [the only instance where its magnitude differed appreciably from others found for the magnesium ion was at low concentrations of magnesium sulphate (0.01 M) in the equilibrium solution] (Table 4) .
Distinctions between the sorption isotherms for magnesium and calcium ions observed on processing the experimental data according to equations (23) and (24) ( Table 2 ) may be connected with differences of less than one order of magnitude for the constant K 2 for the magnesium and calcium ions. Apparently, this may be connected with the larger ionic radius of the calcium ion. Electrostatic repulsion between the counterions of neighbouring pairs of centres in the salt form is appreciably greater for the calcium ion than for the magnesium ion.
It is also possible to explain the different extents of sorption for these cations on to polystyrene sulphocationites and the polyacrylic carboxylic cationite Lewatit CNP 80 in terms of the different 0.038 0.005 0.061 0.008 0.010 0.003 0.002 0.004 0.001 0.001 0.001 0.0008 pK 0 5.28 6.11 5.23 5.77 6.14 6.00 5.91 5.77 5.74 5.65 5.77 5.47 pK 1 --7.52 7.75 7.07 7.48 7.02 7.32 7.29 7.23 pK 2 8.83 8.57 9.94 8.13 9.23 9.41 7.86 10.07 8.38 9.28 8.45 10.18 geometrical sizes of the calcium and magnesium ions. In polystyrene sulphocationites, the distance between the two next nearest fixed exchange centres is significant because of the introduction of sulpho groups into the relatively large volume benzene rings and to the high extent of dissociation and swelling of the H-form of the ionite. This results in an increase in the selectivity towards calcium ions relative to magnesium ions by the sulphocationite. However, in the H-form of an acrylic carboxylic cationite, the distance between the two next nearest fixed exchange centres is small. Hence, in this case, the radius of the divalent counterion does not have an effect on the sorption selectivity of the weakly charged matrix where exchange takes place mainly on the weakly dissociated H-form. When one or several of the next nearest fixed exchange groups is converted into the salt form, the charge on the matrix changes and swelling increases but the mobility of the acrylic matrix compensates the influence of the size of the counterion. However, such behaviour is apparently not unrestricted and for this reason the size of the counterion has an influence on the value of the constant K 2 . pK 0 5.31 6.16 5.66 5.96 5.88 5.94 5.70 5.63 5.60 5.71 5.52 pK 1 -7.01 7.40 7.11 7.28 7.02 7.31 7.28 7.24 pK 2 8.83 8.64 7.95 8.18 8.96 7.88 9.23 8.51 9.35 8.52 10.04
CONCLUSIONS
On the basis of the exchange equilibrium theory and taking account of the non-ideal behaviour of resinate gel solutions, it was possible to provide a quantitative estimation of the influence of the local surroundings of the fixed exchange centres on the value of the effective equilibrium constant for the sorption of magnesium and calcium ions. It was shown that spasmodic changes occur in the value of the local equilibrium constant as the resinate composition changes in the vicinity of the fixed exchange ions. The model was capable of providing a good description of H + -Mg 2+ and H + -Ca 2+ exchange on to the weakly acidic carboxylic cation-exchanger Lewatit CNP 80. From a practical viewpoint, the close similarity in the sorption selectivity of calcium and magnesium ions on acrylic carboxylic cationites suggests that, in using such ion-exchangers for water softening, the breakthrough values of calcium and magnesium ions into the filtrate will be comparable and that the ratios of these ions in the filtrate will change in proportion to the difference between their contents in the initial aqueous solution. For this reason, significant chromatographic separation of calcium and magnesium ions by acrylic cationites in ion-exchange filters will not be observed and hence these ion-exchangers cannot be used for the selective removal of only one or other of these ions from aqueous solution. On the other hand, for the technological calculation of water softening, these ions may be considered to a good approximation as one component whose concentration is equal to the hardness of the water or of the solution concerned.
